Abstract-The National Aeronautics and Space Administration's Moderate Resolution Imaging Spectroradiometer (MODIS)-based snow mask product critically uses 1.6 μm band 6. The snow mask algorithm for MODIS on Aqua has been adapted to use the 2.1 μm band 7, since some of Aqua's MODIS detectors are nonfunctional. We have previously introduced an algorithm for quantitative image restoration (QIR) that can restore missing pixels or scan lines, using multilinear regression with input from a spatial-spectral window in other bands. In this letter, we argue that the use of MODIS Aqua band 6 data restored with the QIR technique in the snow algorithm results in a higher accuracy snow product as compared to the current MODIS Aqua snow product based on band 7 data. We show this by comparing a QIR-restored band 6 based product to the band 7 based product, applied to MODIS Terra, where we have simulated the Aqua-like damage to band 6. We demonstrate improved performance on representative granules covering different surface land-type conditions. Index Terms-Aqua, band 6, Moderate Resolution Imaging Spectroradiometer (MODIS), normalized difference snow index (NDSI), restoration.
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I. INTRODUCTION
T HE SNOW cover mask is one of a large number of environmental products derived from observations of the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the National Aeronautics and Space Administration's (NASA) Earth Observing System (EOS) polar orbiting satellites Aqua and Terra. Availability of daily snow maps from the two satellites helps to better characterize the snow cover distribution since more ground is "revealed" as clouds move and lighting conditions change.
Although the baseline MODIS snow identification algorithm [1] , [2] ranging from visible to far infrared, the primary feature used to distinguish between snow-free and snow-covered land surface is the normalized difference snow index (NDSI). The NDSI is defined as the normalized ratio of reflectance observed in MODIS band 4 (centered at about 0.55 μm, R4) and in band 6 (centered at 1.6 μm, R6),
, [2] . Cloud-free scenes with NDSI exceeding 0.4 are classified as snow covered. Over dense forests, the threshold where the value of NDSI separates snow-free and snow covered pixels may be as low as 0.1 depending on the observed value of the normalized difference vegetation index (NDVI). An external cloud mask and land/water mask are used in the MODIS snow map algorithm to limit the search for snow-covered pixels to cloud-free land scenes only. The standard MODIS snow cover algorithm also computes snow cover fraction in each pixel.
Since the value R6 of band 6 is crucial for computing NDSI, it is unfortunate that some of the detectors on band 6 of the Aqua MODIS are severely damaged. Of the 20 detectors used to produce that band, 15 are dead or produce corrupted data. The current NASA-utilized solution to this problem is to use 2.1 μm (band 7) measurements from MODIS on Aqua with appropriately adjusted algorithm threshold values [1] , [3] . The contrast between the reflectance of snow and that of snow-free land surface at 2.1 μm (band 7) is not as strong as it 1.6 μm (band 6). In addition, there are complications that make band 6 more appropriate for use in the snow product. For example Hall et al. [4] report that when using band 7, the NDSI/NDVI decision region for snow using Aqua data was disabled because of the "uncertain snow detection results found in dense forests."
In response to the Aqua band 6 problem, we have developed a new quantitative image restoration (QIR) technique to recreate the missing band 6 data from reliable data in the other MODIS bands [5] - [7] . In this letter, we demonstrate that application of the previously developed QIR technique to restore Aqua band 6 data also helps to achieve better quality of Aqua-based end user products. Specifically, we show that using the restored band 6 data in the snow mask algorithm results in an improved accuracy of the Aqua snow cover product as compared to the current snow mask based on band 7 data. Tests involving the QIR technique have been run with MODIS Terra observations where all detectors in both band 6 and 7 work properly. We have simulated Aqua-like damage in band 6 of MODIS Terra data by dropping the same lines that are damaged on Aqua. Both snow products derived with band 7 data and with restored band 6 data were compared with the snow map generated from 1545-598X/$31.00 © 2012 IEEE TABLE I  MODIS TERRA GRANULES USED IN THE STUDY undamaged Terra band 6 data. The benefits of utilizing the recovered MODIS Aqua band 6 data in snow mapping were estimated using several standard performance metrics.
II. QIR APPROACH Our approach, described in detail in [5] - [7] , is based on the fact that for multispectral imagers, the other spectral bands often jointly contain enough information to accurately estimate the missing data. While individual channels may not share strong enough pair-wise correlation with the missing band, nonlinear multivariate relationships can still be exploited to recover the missing pixel values. Prior efforts to estimate missing values in Aqua band 6 (Wang et al. [8] ) have focused on providing a per pixel estimate of a missing band 6 value as a polynomial function of the corresponding pixel in band 7. This was extended to locally adjust the coefficients of this polynomial function based on training in a window in band 7 centered around the location of missing band 6 value using the values from working detectors in band 6 (Rakwatin et al. [9] ).
In our formulation of the QIR, we train a multilinear map using the values in spatial/spectral window of all the available bands of 500 m resolution and higher, i.e., bands 1 through 5 and 7 as input, to output a restored value for band 6 in the center of that window. The coefficients for this multilinear map are determined via a linear least squares optimization trained with band 6 values from the working detectors. The restoration function is a composite (piece-wise) function built from smaller restoration functions defined on large overlapping portions of the image.
We have shown that this approach provides better results overall, including a reduction in the RMS error in directly restoring band 6 [5] - [7] . Not only does it reduce the RMS with resect to other methods but it also dramatically reduces the error to the derivative along rows and columns of the image. The technique has been thoroughly tested with MODIS swath data at 500-m spatial resolution and has proven to provide robust and accurate quantitative estimates of values at dead or noisy detectors.
III. DATA SELECTION AND EVALUATION
In the study, we have used ten granules of MODIS Terra level 1B calibrated radiances (MOD02 product in MODIS product classification) and corresponding Level 2 Version 5 snow cover product MOD10_L2. MODIS radiance data, and the snow product were acquired from NASA Rapid Response System [11] . The list of granules along with brief supporting information for each granule is given in Table I . The local time of Terra overpass is about 10:30 A.M. In selecting granules for the study, we tried to sample a broad range of environmental conditions that may affect the accuracy of snow retrievals including different terrain, vegetation cover type, season, different cloud types, and cloud cover fraction. The fraction of snow-covered area in the cloud clear portion of the granules ranged from 2% to 28%.
To assess benefits of using restored Aqua Band 6 data in the snow algorithm, we have used these selected MODIS Terra granules to generate the snow mask in three different ways. The first snow mask (which we will label as B7) was generated from MODIS Terra data with MODIS Aqua snow algorithm incorporating band 7 data instead of band 6. Second, the standard MODIS Terra algorithm involving band 6 data was implemented. The snow mask generated with this algorithm was considered as reference mask (RM ). To verify that the snow identification algorithm is implemented correctly, we made sure that the snow mask derived within this approach is identical to the snow mask in the corresponding MOD10_L2 product. To generate the third snow mask (which will refer to as QIR), we introduced Aqua-like distortions into MODIS Terra band 6 data, restored band 6 data with our QIR technique, and derived the snow mask using the restored band 6 data. In all cases, pixels attributed in the original MOD10_L2 snow cover product to any category rather than "snow" or "snow-free land surface" were not processed.
In what follows, we consider an example of 150 × 150 km subimage taken from the 2007354.1045 swath over Southern France. The area is located near Montpellier and includes two regional parks and the national park in the mountainous area of Cévennes with deep valleys and hill slopes covered in forests. Forested areas are roughly half broadleaf and half evergreen. The snow masks B7, RM , and QIR, generated, respectively, with the three approaches specified above, are shown in Fig. 1 . The pixels in white are flagged as snow, those in green as snowfree land, gray as clouds, and those in blue are known bodies of water. With the original band 6 algorithm as reference (middle figure) , it is clear that the band 7 algorithm (left figure) does not often misclassify a snow pixel as nonsnow (false negative), but it often misclassifies nonsnow pixels as snow (false positive). Many of the false positive pixels in the band 7 derived snow product are located in the forested regions, which clearly have little, if any, snow. As can be seen from the figure on the right, there are only small differences between the QIR-based snow product and the reference snow mask RM, and there is a dramatic reduction in the number of false positives from the band 7 based product. The corresponding natural color image along with the geolocation are shown Fig. 2 .
To quantitatively estimate and compare the accuracy of snow maps generated with different techniques, we used a number of standard metrics. This included truth positive rate T P R = T P/P , false positive rate F P R = F P/N, and accuracy (ACC). The accuracy of an algorithm, ACC, is defined as ACC = (T P + T N)/(P + N ), where T P (true positive) is the number of pixels classified as snow in agreement with RM ; T N (true negative) is the number of pixels identified as not snow in agreement with RM ; P and N are the total number pixels the evaluated algorithm identifies as snow or respectively not snow.
We used ACC metric because it captures in a single number the performance of the estimator both with respect to false positives and false negatives. The QIR data calculated with the restoration algorithm outperformed the B7 data in terms of accuracy for all test granules, as can be seen in Fig. 3 . In all cases using the restored band 6, shown as black diamonds, greatly improved accuracy over the band 7 product, shown Fig. 3 . Graph comparing the accuracy (ACC) for the NASA snow product calculated using band 7/Terra B7 and artificially damaged band 6/Terra restored using QIR.
as triangles. In two of the considered cases, 2007354.1045 and 2010052.0535, the improvement was dramatic with the accuracy increase of 14%. Fig. 4 . Comparison of the false positives rates (F P R) and true positives rates (T P R) for QIR-based snow mask and band 7 product B7 for the same granules examined in Fig. 3 .
We analyze the accuracy further by constructing a plot of false positive rate versus true positive rate. With the T P R and F P R computed for each granule, the scatter plot is shown in Fig. 4 . Note that the band 7 snow product, shown as triangles, has a much higher false positive rate and as a result overestimates snow which is in agreement with what we saw in the single granule images shown in Fig. 1 . In contrast, the snow mask produced with QIR, shown as black diamonds, has a much lower false positive rate while maintaining a comparable true positive rate. Should this hold up on more comprehensive evaluation, this could indicate that a band 7 snow mask might overestimate snow cover.
IV. CONCLUSION AND FUTURE WORK
We have shown that a QIR restored band 6 is not only suitable for use in derived data products, but that it is superior to a proxy band 7 for computing the snow mask. It is important to note that band 6 is not only used for the snow product but also in several other EOS products, including ice cover, broadband surface albedo, cloud cover, and cloud properties. Therefore, the developed restoration technique, if implemented operationally, may have a much broader effect on the quality of the set of environmental products derived from MODIS Aqua. More broadly, QIR has the potential to restore lost or damaged bands in future multispectral imagers, for use in derived products.
